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ABSTRACT-Trend-surface analysis can be used to describe a three-dimensional surface mathematically. It can be used to reconstruct a partially dissected surface, to test a hypothesis, and as a search procedure. These applications of the method are illustrated by trend-surface analysis of the summit erosion surface of the Alston and Askrigg Blocks in the central Pennines. The blocks form well-defined structural units, separated by the Stainmore syncline, and bounded on the north, west and south by a series ocmajor faults. The quadratic surface explains 89 per cent of the variability of the data in the Alston Block and the cubic surface explains 78.5 per cent of the variability in the Askrigg Block. The trend surface in the Alston Block slopes down from a high area adjacent to the faults to the north and south-east, while the major slope of the Askrigg Block cubic surface is eastward from an isolated area of high elevation in the west. The two surfaces link in a trough which approximates to the position ofthe Stainmore depression. The positive residuals represent monadnocks rising above the warped summit surface. The negative residuals mostly lie along the major valleys and may represent minor downwarps that played a part in the establishment of the drainage pattern. The major streams flow nearly at right-anglcs to the trend-surface contours. They may have been influenced by the form of the uplifted and warped summit surface.
TREND-SURFACE analysis is being increasingly used to study a wide variety of spatial problems in geography and geology (R. J. Chorley and P. Haggett, 1965 ; W. C . Krumbein and F. A. Graybill, 1965) . The method can be used for a number of purposes, such as the reconstruction of a distribution that is no longer complete, the description of an areal pattern of any given variable, the testing of hypotheses, and as a search procedure. Trend-surface analysis is applied in this contribution to the upland erosion surface in the Alston and Askrigg Blocks of the central Pennines of northern England. All the purposes mentioned can be illustrated in this
T h e Area and the Data
The area covered by the analysis is shown in Figure I . It is bounded on three sides by the great capital sigma-shaped fault system, which bounds this part of the Pennines. The northern boundary follows the Stublick faults along the Tyne valley. The western boundary follows the Pennine, Dent and north Craven fault systems, while the southern boundary runs partly along the south Craven fault. The eastern boundary is shown by the dashed line on Figure I . The slightly warped Carboniferous strata dip gently eastward to disappear beneath the overlying Magnesian Limestone near this margin. The area thus forms a clearly defined structural unit. It can be divided into two almost equal parts by the structural depression of the Stainmore syncline. The northern part forms the Alston Block and the southern part the Askrigg Block. These two distinct structural units were analysed separately in order to obtain a better fit of the surfaces and to reveal any significant differences between the two parts.
The two blocks consist of relatively little disturbed Carboniferous strata, including limestone, shales and sandstone. Millstone Grit caps the hills, particularly in the northern part logical development of this region have been discussed elsewhere (C. A. M. King, 1963) . One of the most conspicuous facets of the landscape is the summit surface, the Alston Block section of which was described by F. M. Trotter in 1929. He suggested that this surface had been warped and uplifted, following early Tertiary peneplanation, during the late Tertiary period. This is the hypothesis that is tested by means of trend-surface analysis. The summit surface is well preserved in both blocks. The good state of preservation of the surface makes this area suitable for this type of analysis.
The summit surface was defined for this analysis by the irregularly spaced heights of closed summit contours and summit spot heights as depicted on the I :63,360 Ordnance Survey maps. The heights were recorded to the nearest 10 feet (3 m) in the case of summit spot heights and to the nearest 50 feet (IS m) for summit closed contours. The major summits were all included in the analysis and as even a spread of summit and broad spur flats as possible was obtained. All the points used in the analysis were thought to lie on or above the summit surface. Later dissection of the raised land surface did not, therefore, affect the pattern of the trend surface. The east and north grid coordinates were used to define the positions of the points. These coordinates were measured from an origin to the north-west of the area analysed and they provide the x and y independent variables used in the analysis. These values are shown on the left and top of the Figures and the O.S. grid numbers are shown on the right and bottom. The total north-south extent of the area analysed is nearly IIO km and its east-west extent is 70 km. The total number of recorded elevations was 333, of which 175 points were in the Alston Block and 158 in the Askrigg Block. The two units were also split into a northern and a southern part and separate analyses were carried out for these subdivisions.
T h e Resirlts of the Analysis
Trend-surface analysis is a technique by which the square of the vertical distance between the data points and the fitted surface is reduced to a minimum. The simplest surface is the linear one, but the higher order surfaces usually provide a better fit in an area of complex relief. The goodness of fit of the surfaces will be considered first. Then the form of the linear, quadratic and cubic trend surfaces will be described and, finally, the pattern of the residuals will be . .
The Fit of the Surfaces
The goodness of fit of the surfaces can be defined as the percentage variation of the data accounted for by each surface. The results of the analysis for the two units are given in Table I, which also gives the F value for the surfaces. The F value indicates the degree of significance of the surface. If the F value is higher than the tabulated value for the number of data points used, then it is unlikely that the surface could have been generated by chance. In all the surfaces shown in Table I , the F values are very high. The surfaces may, therefore, be taken as real and not chance ones. The values given for the percentage variation show considerable differences between the two structural units. The linear surface fits the two blocks almost equally well, explaining only 60 to 62 per cent of the variability. With the quadratic surface, there is a very great increase in the percentage explained in the Alston Block, but a much smaller increase in the Askrigg Block. The cubic surface, which explains nearly 90 per cent of the variation in the data of the Alston Block area, can be considered to describe best the pattern of the sumnlit erosion surface of this area. The high F value also shows that the surface is highly significant.
When the Alston Block was analysed in two separate parts, the linear surface of the northern section accounted for 83 per cent of the variability, and the linear surface of the southern section accounted for 84 per cent. The two individual linear surfaces, however, had very different directions of slope. For this reason, when the linear surface was fitted to the whole of the Alston Block, no one linear surface could fit the data closely. The quadratic surface, which has a double curvature, could, however, fit the data more closely. The conclusion is reached that the Alston Block summit surface has a fairly simple form that can be described by the quadratic trend equation with a high degree of precision.
O f the 89 per cent variability accounted for by the quadratic surface in the Alston Block, the variable x2 accounts for 53.4 per cent and y2 accounts for a further 15.4 per cent. The importance of the squared values of x and y can be explained by the form of the surface, which has a rapidly increasing gradient from the south-west corner of the area downward both to the north and east. The division of the percentage explanation among the independent variables enables the most important of these to be recognized. If the for111 of the surface is the result of deformation of an originally fairly flat surface by earth movements, then the importance of the variables probably reflects the nature of the earth movements that have caused the deformation. The most important directions of tilting can be picked out by this means. The results agree with other evidence which has been discussed by Trotter (1929) and more recently by M. H. P. Bott (1967) . It is not necessary to consider the cubic surface in the Alston Block, because this surface only adds I per cent to the explanation of the variability of the observed data and is very similar to the quadratic surface in form.
The Askrigg Block differs from the Alston Block in that the quadratic surface in the Askrigg Block only adds 4 per cent to the amount of explanation given by the linear surface. The pattern of the summit surface is evidently more complex in the Askrigg Block and the cubic surface must be considered. The greater complexity could result from several factors. The originally fairly flat surface could have been warped in a more complex manner. It could have had greater relief before it was warped, or it could have been more deeply dissected and its summits lowered since it was uplifted and warped. The pattern of residuals provides the best information for studying these possibilities, which will be considered in a later section. The cubic surface, however, provides a reasonably good description of the summit surface. The F value for this surface is highly significant, so that it is a genuine one.
In all three surfaces fitted to the Askrigg Block data, the x variable accounts for by far the greater part of the explanation. I11 all three surfaces, the x value accounts for 58 per cent of the variability. In the cubic surface, the x3 variable also adds a significant amount to the total. The easterly tilt of the surface in the Askrigg Block is as conspicuous on the ground as it is in the trend surface. The subdivision of the Askrigg Block into a northcrn and a southern part for trend-surface ailalysis shows that the northern part is simpler than the southern. The quadratic surface of the northern part accounts for 83 per cent of the variability, while this surface in the southern part only accounts for $5 per cent of the variability.
PENNINE EROSION SURFACES The Trend-Surface Maps
The contours (100-foot (30 m) intervals) on the trend-surface maps are drawn so as to reduce the squared distances between the data values and the surface to a minimum. The equations defining the three surfaces for the two blocks are given in Table II of the area. Uplift took place along major faults are s~~o w n . this fault line in the late Tertiary or early Quaternary. The warping of the summit surface during uplift IS apparently closely reflected in the form of the summit surface. The uplift appears to be related to the structure of the underlying basement in which the Weardale granite has a mass deficiency, which has allowed elevation to take place (Bott, 1967) . The summit erosion surface, as represented by the trend surface, is closely related to the structure. A few contours on the base of the Great Limestone are included in Figure 3 . These contours run almost parallel to the trend-surface contours. There is, however, a steeper gradient on the structure surface than on the trend surface, the difference in level being 120 m in the west, increasing to 400 m in the east. The ridge whose axis slopes down to the north-east represents the Teesdale anticline, which Trotter showed to be an important element of the structure of the uplifted peneplain. He indicated that this structural element of the area has affected the drainage pattern of the western part of the Alston Block in particular. It can be seen by comparing the main drainage lines, shown on Figure tion is now found in the central (Fig. I) . The contours on the base of the Main Limestone, some of which are shown in Figure 6 , do not fit so closely as those of the Alston Block The easterly --
tilt is, however, readily apparent in the structure. The presence of the Wensleydale granite accounts for the uplift of the Askrigg Block in 3 similar way to the Alston Block.
In into the Askrigg Block area. 
The Pattern of Residrrals
The residuals are tlie differences between the calculated heights, using the trend-surface equations, and the observed heights used in the analysis. The quadratic surface residuals for the data points in the Alston Block have been plotted and contoured. The result is shown in Figure 8 . The residuals are small over much of the north-eastern part of the area, but to the south-west there are deviations ,,, exceeding 120 tn in a few places.
The positive deviations are situated near the western border of the area. They represent the higher hills, Cold Fell, Cross Fell and Mickle Fell. These hills were interpreted by -560
Trotter as monadnocks rising above the summit surface and trend-surface valley above Barnard Castle. A belt of negative anomaly also runs along the line of the Greta valley, following close to the Stainnlore syncline. There is a more extensive area of negative anomalies in the north-eastern part, running from south-east to north-west, but these residuals are mostly fairly small. Rather larger negative residuals also occur in the upper part of the South Tyne valley and the Wear valley above Bishop Auckland. The close association of the strongest negative anomalies with the main river valleys is also found in the Askrigg Block and will be considered later.
The residuals for the Askrigg Block from the cubic surface are shown in Figure 9 . The slightly poorer fit of this surface gives rather larger residuals, which exceed 180 m in places. The major belt of positive residuals extends east to west across the area south of Wensleydale. The maxi~num value of over 180 111 applies to the summit of Great Whernside. This hill and those farther west that also have positive anomalies, including Ingleborough and Whernside, represent monadnocks rising above the summit surface of the Askrigg Block. There is also a stretch of positive anomalies on the high ground between Swaledale and Wensleydale, extending across the headwater area of the Eden. This belt in part follows the Middleton Tyas anticline. The slope of the residual surface is very steep in the Eden headwater area, changing in elevation from -60 m to f 6 0 m in a very short distance. The steep gradient at this point shows that the actual summits vary in height more than the trend surface, which also slopes north at this point. It is significant that it is in this area that the River Eden, flowing north, has captured the south-flowing headwaters of the River Ure near Aisgill at G.R. 783966.
The main area of negative residuals is linear and follows the valley of the River Ure.
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Negative residuals exceed 120 m between Aysgarth and Hawes, and 60 m throughout the length of Wensleydale and along the upper part of Garsdale, an area which also formerly drained to the Ure. Another area of negative residuals extends north-eastward into Dentdale from Newby Head. A series of cols in this area links the drainage of the Ribble, Greta and Ure valleys. The negative residuals cover the area of the Wensleydale Granite, as shown in Figure 9 , following Bott (1967) , while the belt of magnetic basement rocks is associated with positive anomalies. The relationship between the deep structure and the trend-surface residuals is probably made through the influence of the basement on the structure of the Carboniferous rocks, which is reflected, to a certain extent, in the form of the trend surface. The belts of negative residuals that lie along the major valleys in the Askrigg Block and the Alston Block can be variously explained. They could result from minor warping across the general trend of the uplifted surfaces. Subsidiary warping of this type would then account for the positions of the major valleys. Alternatively, the hills on either side of the major valleys could have been lowered relative to those nearer the major interfluves by processes of slope recession or glacial erosion.
There is some evidence in favour of the first hypothesis, in that the level of the Underset Linlestone outcrop is lower on either side of Wensleydale than it is on the interfluve between the Swale and the Ure and between the Ure and the Wharfe. The difference in level is of the order of 30-60 m, but even warping of this extent could explain the exact location of the major valleys if they were initiated on the general slope of the erosion surface as suggested by the trend-surface analysis.
Conclusion
In the introduction, four purposes of trend-surface analysis were mentioned. The conclusions to be drawn from this example of trend-surface analysis will be reviewed under these four headings.
Description. Trend-surface analysis supplies an objective mathematical description of the summit erosion surface in the Central Pennines. In the Alston Block this surface can be best described by the quadratic trend-surface equation, which defines a surface having a double curvature, sloping down to the north and south-east from a belt of high ground in the southwest of the area. This surfacc fits the data points very well, accounting for nearly go per cent of their variability.
It is concluded that the summit surface of the Alston Block represents a warped surface above which there rise several monadnocks. It could be argued that, instead of there being one warped surface, there is really a 2 W series of closely spaced levels graded to a number of base-levels. If this were the situation, then it would be expected that the residuals would form belts of alternating positive and negative anomalies. This pattern does not appear, and therefore the second alternative is not so plausible as the first.
In the Askrigg Block the summit erosion surface is best described by the cubic trend surface. The surface in this area is also warped and the degree of warping is rather more complex than in the Alston Block. The more quadratic surface in the Alston Block. The cubic surface in the Askrigg Block has a closed high area in the central western part, while the rest is dominated by the easterly slope of the surface, apart from the extreme south where the influence of the Craven faults is felt.
The more complex pattern of the surface in the Askrigg Block may reflect its less complete structural isolation compared with the Alston Block, which is cut off by recent faults or structural warps along three of its margins. The Askrigg Block is joined westward to the Howgill Fells and Lake District across the Dent fault. This fault, which forms the northwestern margin of the area, has not moved since the Mesozoic at the latest. Uplift during the Tertiary has taken place across the Dent fault and not along it. The downthrow along the Dent fault is on the east, unlike the other faults that have moved more recently, the downthrow along which is to the west. This structural pattern may help to account for the greater complexity of the summit surface of the Askrigg Block. The northern part of the block has also been considerably faulted, thus adding to the structural complexity. The faulting helps to account for the complexity of the summit surfacc in this area where lithological control of the landscape is strong.
Reconstrt~ction.Trend-surface analysis provides a useful method of reconstructing an erosion surface much of which has been subsequently removed by erosion. The isolated summit heights can be linked to form a continuous surface. Points which are anomalously higher or lower than the general trend do not disturb the general trend pattern seriously, and can be recognized by their high residual values. The trend-surface maps provide a good picture of the erosion surfaces after they had been warped and uplifted, but before they had been dissected by subsequent erosion to any marked degree.
Testit~ga hypothesis. The earlier work in the Alston Block by Trotter (1929) suggested that there was an uplifted and warped erosion surface in the area, above which monadnocks rose as isolated high points. This hypothesis can be tested by trend-surface analysis. The high proportion of the variability explained by the quadratic surface in the Alston Block supports and strengthens the evidence put forward by Trotter. The form of this surface closely follows his views of the warping of the surface in this area. The presence of monadnocks is also confirmed by the pattern of the positive residuals in the western part of the area.
In the Askrigg Block, the hypothesis of an easterly tilted erosion surface is also confirmed by the analysis, which shows how much of the explanation of the variability of the data is accounted for by the x variable. This variable defines the tilt in an easterly direction. The view that the surface in this area has been warped in a fairly complex manner is also confirmed by the trend-surface analysis, because the cubic surface is needed to raise the percentage variability explained to just below 80 per cent. The presence of monadnocks is also confirmed by the pattern of positive residuals in the Askrigg Block. The residuals do not support the view that the summit surface was cut at different times with successively lower base-levels. Thus the model of a warped erosion surface is supported by the analysis.
Search procedure. The residuals are the most useful part of the analysis from the point of view of search procedure, since they can reveal patterns that were not obvious from other work. In this area the pattern of the negative residuals is particularly valuable. The closeness' with which the main lines of drainage follow the pattern of the trend-surface contours has been noted. This agreement suggests that the streams were initiated on the warped surface, or at least adjusted to it. The negative residuals give some clue as to the reason for the exact position of the streams on the surface. It has been suggested that the linear belts of negative residuals follow minor downwarps across the general trend of the warped surface. These minor features are confirmed by the heights of the outcrops of particular beds of limestone in the area. These beds are lower in the areas where the negative residuals form linear belts along some of the major valleys. This applies particularly to Wensleydale, which is the largest valley in the Askrigg Block.
RBsuMB-L'atlalyse des tendattces des surfaces d'aplanissemerzt vers le centre de la chaine des Penttitter. La planitk des surfaces d'aplanissement somniitales des massifs d'Alston et d'Askrigg, tousles deux sitkes vers le centre de la chaine des Pennines, a kt6 ktudike en vue d'identifier la direction best-fit des surfaces. Siparks par le synclinal du Stainniore, les deux massifs forment deux blocs definis par des failles iniportantes au nord, B l'ouest et au sud. O n a trouvk qu'une surface quadratique explique 89 pour cent de la variabilitk des donnks de la surface d'Alston, tandis que c'est une surface cubique qui explique 78,s pour cent de la variabilitk de la surface sonimitale d'Askrigg. Sur le premier massif la pente de la surface best-fit commence dans une zone &levee en voisinage des failles et plonge vers le nord et vers le sud-est; la pente plus inportante du massif d'Askrigg plonge ver l'est en partant d'un point Clevk dans l'ouest. Les deux surfaces se rkunissent au fond du fossk qui marque, approximativenient, la ligne du synclinal du Stainmore. Au dessus de la surface sommitale dkformke ressortent des residuels qui reprksentent des monadnocks (residuels positifs). Des combes, qui sont entammkes dans la surface (residuels nkgatifs) et qui representent peut-ttre des petits sillons situks pour la plupart B c6tk des plus grandes vallkes, auraient jouk un r61e dans l'ktablissement d'un rkseau hydrographique. Les cours des ruisseax les plus importants sont perpendiculiires aux courbes de niveaux de la surface best-fit; il se peut que ces cours fussent influences par la forme de la surface sommitale exhausske et dkformke. Z u s~~~~~~~s s u~~-T r e r~d o b e~a c~~e l t a n a~y s e auf die GipfelerosiorrsoberjacIte irr dern mittleren Peirrtirregebirge. 
